Introduction {#S1}
============

Prostate cancer (PCa) is a heterogeneous disease with a multifocal origin[@R1]. The diagnosis is confirmed by histopathology of tissue samples obtained through TRUS guided biopsies. The disease is screened/suspected by a high serum prostate-specific antigen (PSA) levels and/or abnormal digital rectal examination (DRE). Cancer is characterised following histopathological verification under a microscope using the Gleason scoring system[@R2] by a pathologist. The information obtained is utilized according to a risk- stratified approach and the treatment options are discussed with patients. However, the data obtained from the histopathological examination of the radical prostatectomy specimens indicates that a large disparity existed between the Gleason score of biopsy samples and the radical prostatectomy specimen. This incongruity has implications for patient counselling and therapy. In a meta-analysis of 14839 patients, Cohen et al.[@R3] demonstrated that only 58% of patients' biopsy Gleason grade accurately predicted the final Gleason grade of radical prostatectomy. Similarly, Serefoglu et al.[@R4] provided evidence that just 43.3% of patients had the same Gleason score for preoperative biopsy and postoperative radical prostatectomy specimens with the false-negative rate of more than 30%. Thus, the healthcare challenge is to improve accuracy of the Gleason grade characterisation of initial prostate biopsies as this would allow for more appropriate therapeutic choices.

Radical prostatectomy, a surgical option for localised disease seeking to cure, is primarily meant to remove all malignant tissues while preserving neurovascular bundles and continence mechanism for robust quality outcomes [@R5]. Intraoperatively, the decision is based on a combination of preoperative imaging, biopsy histology and macroscopic assessment. The final decision on margin status, however, is confirmed after many days of surgery which is least helpful as corrective surgery is impossible in contrast to breast cancer[@R6]. Patients with positive surgical margins have a higher risk of cancer recurrence and necessitate further treatment. An intraoperative diagnostic technique that can reliably assess the margin status of tissues with regards to presence or absence of cancer cells would have a huge potential implication for surgical techniques and PCa patient outcomes. Frozen sectioning and imprint cytology are currently used but often unreliable[@R7], [@R8]. Optical imaging techniques have been explored to address this issue in a number of previous publications. A number of optical imaging techniques have been proposed, including optical coherence tomography (OCT)[@R9] and Raman spectroscopy[@R10], however the utility of tissue stiffness measurements has not been reported.

The stiffness difference perceived via DRE has been an effective technique for centuries to suspect PCa. Tissue from PCa has a higher elastic modulus than the normal prostate glandular tissue[@R11]. Changes in elasticity may indicate an abnormal pathologic process as the elasticity of tissue is a result of increased cell density and collagen deposition[@R12], [@R13]. Measuring the elastic properties of prostate tissue has received increasing attention recently[@R14]--[@R17]. This can be deduced using ultrasound-based technology[@R18]. However, other imaging modalities such as magnetic resonance imaging (MRI) and OCT are also reported. Optical imaging with the advantage of a much higher microscale resolution has the potential to enhance the application limit of ultrasound and MRI[@R19]. Furthermore, this technology may uncover the microscopic heterogeneity of prostate tissue and even early tumours.

The working principle of OCT is similar to ultrasound, but it uses light instead of sound waves. OCT is a real-time, *in vivo* and non-invasive optical imaging technology with a high resolution and a fast acquisition speed. The use of OCT to perform elastography is a technique known as optical coherence elastography (OCE) with sub-nanometre displacement sensitivity [@R20]. Although the penetration depth of OCE (1-2 mm) is much less than that of ultrasound and MRI, this limit can be overcome by developing fibre-optic like needle probes for elastography measurements[@R21], [@R22]. Our preliminary work utilising a novel quantitative OCE method clearly presented the promising results in *ex vivo* PCa detection with 120 biopsies from 10 patients[@R17]. We demonstrated that OCE can reliably differentiate between benign and malignant prostate tissues with a high diagnostic accuracy. The method also has potential for characterising different grades of PCa based on the change of tissue morphology and quantitative mechanical properties.

The preliminary study using OCE was limited to 10 patients, and the impact of Gleason score on stiffness needed further confirmation. Also, it is currently poorly understood whether the resulting elasticity images are faithful representations of the underlying micro-scale elastic properties. Extracellular matrix (ECM) remodelling[@R23] is significant in cancer progression with collagen as the dominant structural component providing mechanical strength and flexibility to tissue. A technique that can identify and characterize features of the epithelial-stromal microenvironment is of great diagnostic potential and interest. An extension of our preliminary work was required along with peri-tumour collagen characterisation using SHG imaging.

SHG microscopy is a popular imaging tool for visualisation and characterisation of non-centrosymmetric 3D structures such as collagen in medicine and biology[@R24]. Fourier transform second harmonic generation (FT-SHG)[@R25]--[@R27] was applied to quantify the changes in collagen morphology. The initial results[@R28] indicated that the collagen in the prostate stroma had different patterns in normal and malignant biopsies depicted by SHG images, and the fibres of the malignant tissue tended to have a higher degree of preferred orientation than that which were normal as quantified by FT-SHG. The A:I ratio parameter based on the ratio between anisotropically and isotropically aligned collagen fibres, was applied to compute the regularity in collagen fibre orientation and correlate it with a variety of Gleason scores. Based on the initial results, we proceeded to test these results in a larger sample size.

We hypothesised that a combination of OCE and SGH imaging would narrow down the Gleason grade discrepancy between prostate biopsies and radical prostatectomy specimen. The study had the following objectives: To estimate the diagnostic accuracy of OCE (2D and 3D) and SHG in the detection and grade characterisation of PCa in *ex vivo* prostate biopsies.To determine the reliability of both these techniques in predicting the final radical prostatectomy Gleason grade of the disease from measurements of Young's modulus established through OCE and orientation of collagen according to SHG.

Patients and Imaging Methods {#S2}
============================

Selection of Cohort {#S3}
-------------------

This was a prospective study with institutional ethics approval (14/ES/0049) and informed consent from patients to report the research data. Seventy patients were recruited into the study, including 10 cases reported previously in our feasibility study. With a slight modification of the protocol from the feasibility study, we recruited 60 patients (age range 56-85) undergoing TRUS-guided biopsies for suspected PCa between April 2014 and December 2015. Thirty-seven men were confirmed to have PCa with a Gleason score ranging from 6 to 9. Amongst those without cancer, a number of histological findings were reported, such as benign prostatic hyperplasia (BPH), atypical small acinar proliferation (ASAP), and prostatitis and/or prostatic intraepithelial neoplasia (PIN).

We tested our hypothesis that *ex vivo* measurements of tissue stiffness on biopsy material may have an improved prediction of the final Gleason grade of radical prostatectomy in a small group of 11 patients undergoing laparoscopic radical prostatectomy employing a rapid prototyping mould- based approach published previously[@R29].

Trans-rectal Ultrasound (TRUS) Guided Biopsies {#S4}
----------------------------------------------

All participants underwent the standard 12-core TRUS guided biopsies of prostate gland using an 18-G needle. The size of the biopsy samples ranged from approximately 0.8 mm to 1.2 mm in diameter and 5mm to 20 mm in length. Biopsies were immediately fixed using 10% neutral buffered formalin (50 mL) and stored in separate containers. The samples were allowed to be fully fixated over 24 hours according to the previous study protocol[@R30]. Measurement of stiffness point-wise along the length of biopsy specimen was conducted according to the OCE technique. The specimens were then analysed by an experienced uro-pathologist (SL) with a routine histological protocol via haematoxylin and eosin (H&E) staining. The uro-pathologist was unaware of stiffness data. The detailed pathological report included the presence/absence of malignancy, grade of cancer, percentage of cancer involvement in each core, and perineural infiltration.

The histopathological data of a total of 720 cores were categorised into non-cancerous prostate tissue (448 core biopsies) and cancerous prostate tissue (272 core biopsies), of which one patient was diagnosed with carcinosarcoma. The PCa tissue was further categorised into seven sub-groups based on different Gleason scores: 3+3, 3+4, 3+5, 4+3, 4+4, 4+5, and 5+4 in 58, 54, 4, 46, 48, 39, and 11 core biopsies, respectively. For estimation of collagen orientation around cancerous lesions using SHG microscopy, 42 biopsy samples were imaged (36 cancerous and 6 benign). The cancerous group was further divided into six sub-groups based on different Gleason scores: 3+3, 3+4, 4+3, 4+4, 4+5, and 5+4 with six core biopsies in each group.

Optical Coherence Elastography (OCE) {#S5}
------------------------------------

The system setup of OCT/OCE was based on our previous report [@R17] with slight modification. Briefly, the OCE consists of two main parts: vibration stimulation and displacement detection. An electromagnetic actuator was used for vibration stimulation, driven by a sine-wave modulated signal with the modulation frequency of ˜8 kHz. The maximum actuator displacement applied to the specimens was ˜1 μm to ensure the strain generated was in a pure linear-elastic regime. The vibrations could be transmitted from the actuator to compress the specimens and trigger vibration in the axial direction. Detection of the vibration signal was performed via a phase-sensitive optical coherence tomography (PhS-OCT) system. It employed a superluminescent diode (SLD) as the light source, with a central wavelength of ˜1302 nm and bandwidth of ˜85 nm, implemented by a spectral domain configuration. The sample arm had an objective lens of ˜18 mm focal length to deliver the detection light onto the specimens and coupled the vibration signals into the PhS-OCT for detection. The system had an axial resolution of ˜8.8 μm and a transverse resolution of ˜7.9 μm in air. The acquisition rate was determined by the spectrometer employed in the system which had a maximum rate of ˜76,000 A-scans/s. The dynamic range of the PhS-OCT system was measured to be ˜100 dB at 0.5-mm axial depth with a phase noise of 3 mrad. However, the SNR in the region of interest (ROI) of the tissue sample was ˜50 dB.

For the acquisition of a cross-sectional 2D structure and elastogram, the OCE probe beam stayed for 512 repeats during the A-line scan at every spatial location sequentially within the B-scan (a total of 256 locations) mode while the actuator repeatedly fired the stimulus. Thus, a complete B scan consists of 512 × 256 A-scans. The specimens were then scanned cross-sectionally from one end to the other at an interval of 50 µm. This ensured adequate details obtained to generate a 3D structure and elastogram of each biopsy. Further, the system had a minimized acquisition time that enabled that each pair of structure and elastogram were recorded from the same region of tissue. The acquisition time for a 3D OCE data set was 3 minutes for images with dimensions (xyz) of 3 mm × 2 mm × 2 mm.

After the acquisition of one data set, the transitional stage was moved 2.5 mm in the y direction for the next acquisition, and this was repeated until the whole biopsy core was scanned. During the OCE scanning, the biopsy core was placed on a 2% agar phantom with a thickness of approximately 8 mm which was an elasticity reference [@R31]. The total scanning time for each biopsy was dependent on the biopsy length. The raw structure and elastogram data sets were processed by MATLAB R2015b (The MathWorks, Natick, MA, USA) for data processing [@R32] to generate structure and elastogram frames for each B-scan. The frames were then imported into Amira (Mercury Computer Systems, Berlin, Germany) and reconstructed into 3D data sets at full resolution.

Multiphoton SHG Microscopy {#S6}
--------------------------

Images for the SGH technique were acquired with an upright multiphoton microscope TCS SP8 MP (Leica) at the Dundee Imaging Facility. The tunable near-IR laser (Spectra-Physics InSight DeepSee) produced linearly polarized pulses spectrally centred at 880 nm. After spatial filtering and collimation, the beam was sent to the galvo-scanner. Incident light at 880nm was focused onto the sample with a Leica HC PL Fluotar 10x 0.3NA objective. Owing to momentum conservation, the SHG signal was especially directional and emitted mainly in the forward direction, being collected by a 0.9 NA condenser lens. The SHG signal was then filtered through a laser blocking filter (SP 680) and an SHG bandpass filter (440/20) and subsequently being detected with a standard photomultiplier. The SHG laser power was adjusted to around 50 mW so that sufficient signals were obtained without any obvious damage to the sample. The transmitted light image was obtained from a 488nm laser and collected in the forward transmitted light position via a 483/32 filter. A combination of z-stack and tile scan was utilized to acquire the whole area of the biopsy section automatically. Through identical settings, 12-bit images of 3352x3352 pixels were obtained using LAS X (Leica Application Suite X).

The alignment of collagen fibres in each section was quantified by Fourier transform second harmonic generation (FT-SHG) as described in the previous report [@R28]. The processing algorithms were developed in Matlab R2015b (The MathWorks, Natick, MA, USA). This method was employed to identify the quantitative parameters that represent collagen orientation in the prostate biopsies through assessment of the spatial frequencies within an image using a 2D-FT. In a given plane, the direction the majority of fibres tend to align along is defined as the preferred orientation. Through 2D-FT, the high amplitudes on average oriented perpendicularly to the preferred orientation. To calculate the preferred orientation more rapidly, the original image was firstly divided into sub-images and categorized into three groups: negligible, anisotropic, or and isotropic. Negligible was defined if the SHG signal intensity in the area was low or nearly dark. The sub-images where collagen fibres had preferential orientation were labelled as anisotropic and the sub-images with many different directions were labelled as isotropic. Lastly, the overall orientation of the collagen fibres in each entire biopsy was quantified by applying the A:I ratio (the ratio of the number of anisotropic to isotropic sub-images).

Statistical Methods {#S7}
-------------------

A systematic statistical method was conducted by a statistician blinded to the OCE/SHG and histological data to investigate the reliability of quantitative OCE in differentiating benign and malignant prostate tissues as well as determining the sensitivity and specificity of this technique. Young's modulus (kPa) estimated from 720 biopsy cores by the OCE system was compared amongst malignant and benign tissues, as well as different Gleason scores. All the analyses were performed with SPSS v.22 (SPSS, Chicago, IL, USA). Differences between the groups were evaluated according to the Games-Howell test. A p value of 0.05 was considered to be statistically significant.

Results {#S8}
=======

2D Structural and Elastography of Prostate Biopsies {#S9}
---------------------------------------------------

The images obtained from OCT and OCE imaging were directly compared with the images acquired after standard histopathological processing. The results suggested that micro-architecture on the order of 10 µm can be distinguished in prostatic tissue. [Figure 1](#F1){ref-type="fig"} presents the histological photo, OCT structural image, and OCE elastogram of various catalogues of prostate tissue. A clear biopsy-agar-air boundary can be seen in both the structural and elasticity images. The signal strength of the elastogram decreased with the rise in imaging depth. This is because the accuracy of the phase measurement for the elastogram relies on the intensity level of the structural image, and the intensity of the vibration signals reduced at deeper locations.

The top of [Figure 1](#F1){ref-type="fig"} presents the images of histology, structure and elastogram of benign prostatic tissue. In the histological image [Figure 1(1a)](#F1){ref-type="fig"} shows, an irregular boundary and/or hollow structure indicates the benign glandular lumens. However, there is no difference seen between the glandular lumens and the surrounding stromal tissue. For example, smooth muscle and fibroblastic stroma cannot be distinguished. [Figure 1(1c)](#F1){ref-type="fig"} demonstrates in detail the elastic variance in various kinds of tissue in detail. The elasticity of the glandular lumens is higher than that of the stromal tissue. By comparing all elastograms and histological photos of benign prostate tissue, it is found that smooth muscle has the lowest stiffness at 378.4 kPa (SD = 48.9 kPa). The glandular lumens have higher stiffness at 530.6 kPa (SD = 30.9 kPa), whereas the stiffness of the fibroblastic stroma varies at 518.4 kPa (SD = 82.5 kPa).

Images of the histology, structure and elastogram of the PIN are illustrated in the middle of [Figure 1](#F1){ref-type="fig"}. Subtle differences in tissue structure amongst benign, BPH, ASAP and PIN tissues can be elucidated in the structural images. The glandular lumens in [Figure 1(2b)](#F1){ref-type="fig"} has a more irregular surface, which is confirmed by the histological phenotype in [Figure 1(2a)](#F1){ref-type="fig"}. The difference between PIN and benign prostate tissue is more evident in the elastogram [Figure 1(2c)](#F1){ref-type="fig"}. The PIN has higher stiffness than benign prostate biopsies, whereas BPH and ASAP have lower stiffness than benign prostate tissue. Notwithstanding, significant overlaps still existed amongst the elasticity range of the aforementioned kinds of prostate tissues.

A typical malignant glandular tissue with a Gleason score of 4+4 is found at the bottom of [Figure 1](#F1){ref-type="fig"}. The lumens here serve as the main characteristic histologically to determine PCa aggressiveness. In [Figure 1(3a)](#F1){ref-type="fig"}, the malignant structures are significantly smaller than those in the benign glandular tissue and range in size from 10 µm to 50 µm. Therefore, OCT can identify microarchitecture of 10 µm or greater. Cancerous prostate tissue is observed to have a well-rounded shape without irregular gland lumens with higher light reflectivity. A significant increase of tissue stiffness is observed in [Figures 1(3c)](#F1){ref-type="fig"}. Therein, it is also noticed that the stiffer the prostate biopsy, the higher the Gleason sum, and the more aggressive the PCa.

3D Structural and Elastography of Prostate Biopsies {#S10}
---------------------------------------------------

[Figure 2](#F2){ref-type="fig"} delineates 3D images of the structure and elastogram from benign and different grades of malignant PCa prostate biopsies. The en-face views of four different forms of data (structure, elastogram, overlay and histology) were obtained from five prostate cores of benign and different grades of malignant PCa with a Gleason sum 6 to 9. In [Figure 2(b)](#F2){ref-type="fig"}, an ascending trend of elasticity signal is observed in the region of malignant PCa with the concomitant increase in the Gleason sum. Additionally, the area of malignancy can be better portrayed by elastograms from OCE imaging than with a histological photograph. The bright areas in [Figure 2(b)](#F2){ref-type="fig"} match the areas labelled by the red arrows in [Figure 2(d)](#F2){ref-type="fig"} indicating the origin and end of the malignant area in the prostate biopsies.

Diagnostic Accuracy of OCE {#S11}
--------------------------

In this study, three methods were utilized for statistical analysis in comparing different biopsy cores: 1) the average Young's modulus method, which is the weighted average Young's modulus value over the whole area associated with each biopsy, 2) the maximum Young's modulus which is the maximum Young's modulus value of all the B-scan elastograms across all biopsies, and 3) the threshold method which is the percentage of the data points comprising the Young's modulus values higher than 600 kPa amongst the data set for each biopsy.

The results from the statistical analysis of PCa and benign prostate tissue are illustrated and compared with the whisker plots in [Figure 3](#F3){ref-type="fig"}. From these plots, a significant increase in stiffness can be observed (*p* value \< 0.001) between the benign prostate tissue and PCa using any of the aforementioned three methods. In [Figure 3(a)](#F3){ref-type="fig"}, by comparing the elasticity data obtained from OCE and the corresponding histological report, PCa was suspected with Young's modulus higher than 600 kPa. [Figures 3(b) and 3(c)](#F3){ref-type="fig"} demonstrate that a certain stiff area exists in the non-PCa biopsies, but most of it is below 30% which could suggest very low cancer involvement, but not recognizable.

The plot of the ROC analysis in [Figure 4](#F4){ref-type="fig"} is intended to evaluate the ability of quantitative OCE to diagnose PCa with the aforementioned three statistical analysis methods. Over 90% of the area is under the ROC curve. Amongst the three curves, the method of using average Young's modulus has the highest area under the curve (AUC; 93.9%) which supports OCE as a promising with a high capability for the diagnosis of PCa. The threshold method has an AUC of 93.6%, and the maximum method has the lowest AUC, albeit a still high accuracy (91.6%). Based on the threshold method for diagnostic accuracy, the biopsies with a Young's modulus higher than 600 kPa were treated as positive results for PCa, and the others were negative and can be considered cancer-free (benign) biopsies. Compared to the histological results, the data analysis showed that the sensitivity and specificity of the threshold method was 89.6% and 99.8% respectively. Moreover, the positive and negative predictive values calculated for this technique were 99.5% and 94.6% respectively.

The relationship between the Gleason score and the estimated Young's modulus is compared in [Figure 5](#F5){ref-type="fig"}. The presence of the Gleason score in the histopathological results is of clinical significance when making an optimal decision for the individual patient. The average method stands out from the other methods. A significant difference was noticed amongst Young's modulus of different Gleason scores estimated by OCE (p value \< 0.05) except for Gleason score 7 and 8 (p value = 0.765).

Collagen Orientation {#S12}
--------------------

According to the previous pilot study, a predominant reticular pattern of collagen fibres was seen in cancerous lesions in contrast to the more common papillary pattern of the benign part of tissues. However, the reticular pattern disappeared in highly-aggressive cancer such as Gleason 4+5. The A:I ratio was applied to compute the regularity in collagen fibre orientation and utilized to compare Gleason scores across prostate biopsies.. Generally, malignant cores were found to be more aligned than tose that were normal. . Moreover; the A:I ratio increased with a higher Gleason score, which meaning that the collagen fibres tended to be more oriented as the prostate cancer became more aggressive.

It was noted and discussed in the previous study that a small fluctuation occurred with an advanced grade of cancer and that a Gleason score of 4+3 had a lower A:I ratio than a Gleason score of 3+4. The new study with an increased number of slides (42 in total) had similar findings. As shown in the Whisker plot in [Figure 6(a)](#F6){ref-type="fig"}, the orientation of the collagen fibres demonstrated a rising trend when the cancer was more aggressive, but it decreased for higher grade of malignancy, such as Gleason 8 and 9. [Figure 6(b)](#F6){ref-type="fig"} illustrates that a Gleason 4+3 is less anisotropic than Gleason 3+4, which is consistent with what was observed in the previous study. Moreover, a Gleason score of 4+5 also had a higher tendency of alignment than a Gleason score of 5+4 in [Figure 6(c)](#F6){ref-type="fig"}. Therefore, a higher primary grade led to less oriented collagen fibres and a lower A:I ratio for a scenario of the same Gleason sum.

Collagen Orientation and Tissue Stiffness {#S13}
-----------------------------------------

Elastography can detect subtle elasticity differences across the biopsy with a high-resolution OCT system, and SHG imaging can illustrate collagen distribution and orientation with multiphoton microscopy. The correlation between OCE and SHG imaging is key to the understanding of the increased stiffness in malignant tissue. It was noted that the lower the Young's modulus, the less oriented the collagen fibres will be. As depicted in [Figure 7](#F7){ref-type="fig"}, the biopsies with a Young's modulus lower than 800 kPa have a smaller A:I ratio.

Prediction of Histological Grade of Radical Prostatectomy {#S14}
---------------------------------------------------------

Eleven men underwent laparoscopic radical prostatectomy surgery, but two of them received a second biopsy before prostatectomy and were excluded from our study. Three patients (patients no.1, 3 and 7) had an upgrading in disease from a low to high Gleason score following radical prostatectomy ([Table 1](#T1){ref-type="table"}). [Table 1](#T1){ref-type="table"} summarises biopsy stiffness, A:I ratio, initial Gleason grade, and final Gleason grade of radical prostatectomy. It is noteworthy that biopsy stiffness (kPa) is the weighted mean of the stiffest biopsy amongst 12 biopsies. The ROC curve of the analysis method using average Young's modulus has the highest AUC (93.9%). According to the analysis of variance (ANOVA) analysis of the average method, the upper bound for Gleason 6 is 626.41 kPa at a 95% confidence interval for mean. Hereby, these three patients should be stratified to a higher Gleason score.

Discussion {#S15}
==========

In this study, we demonstrated an optical characterization of the microstructural details of prostate tissue obtained from a large number of TRUS-guided biopsies using high-resolution optical coherence elastography (OCE) and second harmonic generation (SHG) imaging. The method appeared to be highly accurate in differentiating cancer from normal benign prostatic tissue. It also provided accurate characterisation of the Gleason grade based on the measurement of Young's modulus (tissue stiffness) and orientation of collagen around malignant lesions. OCT provides ultrastructural details of the tissues, and elastograms offer additional details and clarity. The technique could predict a higher Gleason grade disease with the final histopathological examination of a radical prostatectomy specimen. It may help in bridging the disparity between histopathological Gleason grades of a TRUS biopsy and radical prostatectomy samples. Furthermore, the technique has real potential for being employed during surgery of the prostate to guide dissection between peripherally located cancer tissue and neurovascualar bundles. With future engineering and research aimed at *in vivo* stiffness measurement and peri-tumoural collagen orientation, a multiscale imaging of PCa through a needle can be possible. The ultimate goals, to be achieved through future research following this work, are *in situ* detection and characterisation of PCa to permit a more precise focal treatment, and scanning of the surface of the excised prostate gland intraoperatively to provide the surgeon with an assessment of tumour margins within minutes of prostate removal. Several challenges must be addressed before a complete translational landscape is possible. Heterogeneity of tissues, including diathermied tissue on the surface of prostate, and presence of blood could have an effect on the penetration of light. However, an excised piece of tissue followed by washing with normal saline could be utilized within surgical theatres for margin status assessment.

As demonstrated in the structural images of prostate biopsies, clear differences were noticed between benign and malignant groups. Benign prostate biopsy tissues were observed to have irregular and hollow glandular lumens in 2D/3D images, whereas those that were malignant lacked a lumenal structure with an increment of light reflectivity. With further use of a different objective lens, the imaging resolution of OCT could be increased to 1-2 µm, which will uncover more structural details of a prostate biopsy, and enhance the capacity of optical biopsy. The functional OCE, used in this study measured vibrational amplitude (surrogate markers of mechanical properties) of the freshly obtained prostate specimens following mechanical loading of tissues. The tissue stiffness estimated from this parameter was then employed to categorise specimens into different histological classifications. Further quantitative 3D elastograms of a prostate biopsy were reconstructed in high resolution from consecutive 2D elastograms. Both structural images and elastograms obtained with the OCE system were compared with histopathology as a reference standard to evaluate the diagnostic accuracy of the technique. A high diagnostic accuracy (with AUC \> 90%) of classification of normal and cancerous tissues was presented in an *ex vivo* setting according to quantitative OCE. Additionally, point-to-point comparison between histological imagery and elastograms illustrated a high accuracy when studying the underlying micro-scale elastic properties. This indicates that OCE can be a promising imaging tool for PCa detection with high sensitivity and specificity for malignant prostate diseases. With the average method, the stiffness of cancer biopsies was approximately 57.63% higher than that of those that were benign with corresponding stiffness values of 698.43 ± 125.29 kPa versus 443.07 ± 88.95 kPa.

The gold standard histopathological analysis requires the expertise of a trained histopathologist. An inter-observer variation exists between two histopathologists besides the difficulties in characterising lesions smaller than 3 mm. Microstructure, which may be missed by unaided eyes could explain the cases in this study where several areas of benign tissue had a higher stiffness than most. It was noted that the Young's modulus determined herein was higher than the literature[@R15], [@R33]. The prostate biopsy samples in this study were fixed in formalin before the OCE experiment, which ensured thesubsequent histopathological analysis of the cellular structure of the fixed biopsy was conducted smoothly. Formalin is predominantly used to fix tissue by cross-linking the proteins and hindering the biological degradation process. It increases tissue stiffness which, to some extent, can bias the final elasticity of prostate biopsies. In our experiment, the timeline was precisely controlled to finish every experiment. As all samples were fully fixed[@R30] in formalin for 24 hours, the extent of stiffness increase should have been the same for all the benign and malignant prostate tissues.

Within the tissue stroma, collagen is the main structural and mechanical component. Changes in collagen alignment have been reported in the stroma of breast cancer tissue when compared with normal breast tissue[@R34], [@R35]. In our study, the prostate biopsy was scanned via multiphoton microscopy with the SHG signal collected in the forward direction. The collagen pattern was then generated for each biopsy, and the orientation of collagen fibres was computed by FFT-SHG. The results from the SHG images were found to be correlated with the histological reports. The benign biopsy had a papillary collagen pattern whereas the malignant biopsy had a reticular collagen pattern. Isotropic collagen fibres were seen in the benign prostate tissue without a preferred orientation. However, the collagen distribution in the malignant biopsies tended to be more oriented to the same direction as the cancer became more aggressive. The correlation between collagen orientation and Gleason score, as well as the relationship between the orientation and tissue stiffness was analysed in this study. The collagen orientation details addressed the tissue stiffness increase in the malignant prostate compared with the benign version. In a small group of men undergoing radical prostatectomy, the Young's modulus and collagen orientation were used to predict the final Gleason histopathological score ([Table 1](#T1){ref-type="table"}). This certainly necessitates further work to assess any potential use of these techniques in risk stratifying men with PCa.

In conclusion, the imaging of the mechanical properties of prostate tissue using OCE and the orientation analysis of peri-tumoural collagen by SHG imaging presented the possibility of optical modalities for the identification and characterisation of PCa. The results from this study form the basis for future research employing these techniques for *in vivo* assessment of PCa and intraoperative assessment of tumour margins. The study is a first attempt at this scale to perform a detailed analysis of the microstructural details of human PCa tissue using elastograms and orientation of collagen around cancerous lesions. The biopsy stiffness and collagen orientation together constitute the new biomechanical markers of PCa with a very high diagnostic accuracy in terms of Gleason grade of cancerous tissues.
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![Images of (a) histology, (b) cross sectional OCT structure and the corresponding (c) OCE elastogram of (1) benign prostate tissue, (2) prostatic intraepithelial neoplasia (PIN) and (3) malignant PCa with Gleason score 4+4. The scale is 200 µm. Young's modulus is in the unit of kPa](emss-74578-f001){#F1}

![3D visualization of (1) benign and PCa biopsies with Gleason score (2) 3+3 with cancer involvement 30%, (3) 3+4 with cancer involvement 40%, (4) 4+4 with cancer involvement 60% and (5) 4+5 with cancer involvement 80%. (a) OCT structural image, (b) OCE elastograms, (c) overlaid images from en face views and corresponding (d) histological photos. The red arrows in b and d indicate the origin and end of malignancy.](emss-74578-f002){#F2}

![Whisker plots of correlation of Young's modulus (kPa) and pathological outcomes using (a) average method, (b) maximum method and (c) threshold method.](emss-74578-f003){#F3}

![ROC curves of PCa vs. benign using three statistical analysis methods.](emss-74578-f004){#F4}

![Whisker plots of correlation of Gleason scores and Young's modulus (kPa) using (a) average method, (b) maximum method and (c) threshold method.](emss-74578-f005){#F5}

![Whisker plots of the relationship between collagen orientation (A.I ratio) and different Gleason scores. (a) Comparison among benign and malignant biopsies with different Gleason scores from 6 to 9, (b) comparison between Gleason 3+4 and 4+3, and (c) comparison between Gleason 4+5 and 5+4.](emss-74578-f006){#F6}

![Scatterplots of the correlation of Young's modulus and collagen orientation (A:I ratio) using the (a) average method, (b) maximum method and (c) threshold method.](emss-74578-f007){#F7}

###### 

Disparity of Gleason score between initial TRUS biopsy and final prostatectomy.

  Patient number   Biopsy stiffness (kPa)[\*](#TFN1){ref-type="table-fn"}   A:I ratio   Gleason grade of biopsies   Gleason grade of Radical prostatectomy   
  ---------------- -------------------------------------------------------- ----------- --------------------------- ---------------------------------------- ---
  **1**            631.07                                                               3+3                         3+4                                      7
  **2**            795.16                                                   1.79        3+3 3+4                     3+4                                      7
  **3**            649.02                                                   1.29        3+3                         3+4                                      7
  **4**            809.61                                                   2.55        4+3 4+4 4+5 5+4             4+5                                      9
  **5**            707.69                                                               3+3 3+4 4+3                 3+4                                      7
  **6**            900.99                                                               3+5 4+4 4+5                 4+5                                      9
  **7**            658.93                                                               3+3                         3+4                                      7
  **8**            728.25                                                               3+3 3+4                     3+4                                      7
  **9**            739.24                                                               3+3 4+3                     4+3                                      7

Biopsy stiffness (kPa) is the weighted mean of the stiffest biopsy amongst 12 biopsies.
